Insight into the nature of the pairing of charge carriers in high-T c superconductors may be provided by a systematic investigation of the condensation energy. In this work we report on studies of the electronic kinetic energy across the complex phase diagram of these materials. The c-axis component of the electronic kinetic energy ͑determined from an analysis of the optical constants͒ is shown to be reduced below T c , primarily in those compounds in which the superconducting transition at T c is preceded by the formation of the partial gap in the density of states ͑pseudogap͒ at T*ϾT c . An examination of the doping dependence of the infrared conductivity in conjunction with the results of photoemission spectroscopy suggests that the lowering of the kinetic energy is a property of the electronic states close to the intersection of the two-dimensional Fermi surface with the boundary of the Brillouin zone. We contrast the c-axis results with the energetics associated with the nodal quasiparticles probed through the in-plane conductivity. component of their effective mass tensor. The second contribution 1,r reg () ͑usually referred to as the ''regular'' compo-nent͒ is defined at Ͼ0 and is associated with the response
I. INTRODUCTION
After more than a decade of intensive research in high temperature superconductivity there is still no microscopic explanation for this phenomenon. The most general statement that one can make regarding the superconducting state is that the free energy of a superconductor is lowered by an amount referred to as the condensation energy E c . Therefore it is natural to explore possible origins of the condensation energy in a search for the mechanism of superconductivity. An advantage of this approach is not only in its generic character, but also in the fact that the microscopic roots of the condensation energy are limited to a few basic interactions. 1 Changes of the Coulomb energy V C , the electronic kinetic energy K, and the exchange energy J can be studied, at least in principle, using a variety of spectroscopies, 1-7 whereas the magnitude of E c can be extracted from the specific heat measurements. 8 According to the theory of Bardeen, Cooper, and Schrieffer ͑BCS͒, the superconducting state of elemental metals is driven by the reduction of the potential energy which overpowers the increase of the kinetic energy. 9,10 Notably, in metallic superconductors the pairing of charge carriers, the formation of the gap in the density of states, and the development of coherence between electron pairs all occur at the temperature of the superconducting transition. Numerous experiments suggest that in cuprate high-T c superconductors the above processes may take place at different temperatures 11 so that the energetics of the superconducting state is expected to be more complex. The goal of this work is to explore the systematic trends in the behavior of the electronic kinetic energy inferred from the analysis of the optical constants in different regions of the complicated phase diagram of high-T c cuprates.
II. PROBING ELECTRONIC KINETIC ENERGY WITH INFRARED
A variety of models for the electromagnetic response of a solid allows one to derive a relationship between the integral of the real part of the complex conductivity ()ϭ 1 () ϩi 2 () in the polarization r and the electronic kinetic energy K r along this direction: 2,4,12 ͵ 0 W d 1,r ͑ ͒ϭϪ e 2 a r 2 2ប 2 K r , ͑1͒
where a r is the lattice spacing in the direction r. This equation offers an interpretation of such a well-defined experimental parameter as the effective spectral weight N eff () ϭ͐ 0 dЈ 1 (Ј) ͑middle panel in Fig. 1͒ in terms of the electronic kinetic energy. 13 It is therefore important to explore the consequences of this approach when it is applied to the analysis of the electromagnetic response at the boundaries of phase transitions in solids while keeping in mind possible caveats connected with the derivation of Eq. ͑1͒.
To proceed with the analysis of the kinetic energy in high-T c cuprates we first note that the superconducting state conductivity 1,r SC () for any polarization r has two distinct contributions
The first component is associated with the ␦ function at ϭ0 due to the superconducting condensate with the spectral weight given by s,r ϭe 2 n s /2m r * , where n s is the density of superconducting electrons and m r * is the corresponding of unpaired charge carriers. Combined together Eqs. ͑1͒ and ͑2͒ yield the Hirsch kinetic energy sum rule 2
where N refers to the normal state and ⌬K r is the change of the kinetic energy associated with the motion along direction r. In conventional superconductors ⌬K is negligibly small and the Ferrel, Glover, and Tinkham ͑FGT͒ sum rule s ϭ͐ 0 ϩ W d͓ 1 N ()Ϫ 1 SC ()͔ is obeyed. The FGT equation is routinely used to estimate the superfluid density in superconductors and implies that the entire ''missing area'' in the conductivity spectra ͐ 0ϩ W d͓ 1 N ()Ϫ 1 SC ()͔ reappears in the superconducting ␦(0) function. Because the superfluid density can be obtained from the imaginary part of the conductivity s ϭ 2 (→0) and therefore can be determined independently of the integral ͐ 0 ϩ W d͓ 1 N ()Ϫ 1 S ()͔ one can evaluate changes of the kinetic energy upon superconducting transition from Eq. ͑3͒. The form of the Eq. ͑3͒ suggests that it is useful to define the normalized spectral weight NЈ()ϭ͓N N ()ϪN SC ()͔/ s , where N N ()ϭ(120/)͐ 0ϩ dЈ 1 N () and N SC () ϭ(120/)͐ 0ϩ dЈ 1 SC (). 5 In conventional superconductors NЈ() saturates at Ϸ10Ϫ15 kT c reaching the level of NЈӍ1. 5 According to Eq. ͑3͒ if in the saturated region NЈ() 1, then this deviation from unity can be interpreted in terms of kinetic energy change.
In a previous publication 5 we reported on a significant discrepancy between s,c and ͐ 0 ϩ W d͓ 1,c N ()Ϫ 1,c SC ()͔ measured in the polarization perpendicular to the CuO 2 layers, suggesting that the c-axis component of kinetic energy is lowered in certain cuprates at TϽT c . In this work we explore the complex phase diagram of high-T c materials from the viewpoint of the kinetic energy and show that this anomalous effect is intimately connected with the incoherent nature of the interlayer response found primarily in underdoped cuprates. 14 We employ the sum rules described above and an additional sum rule for the loss function Im ͓Ϫ1/⑀ ()͔ which proves the consistency of our analysis. We show that the partial gap ͑pseudogap͒ developing in the density of states of La 2Ϫx Sr x CuO 4 ͑La214͒ and YBa 2 Cu 3 O x ͑YBCO͒ materials at temperature T*ϾT c ͑Ref. 11͒ is in fact responsible for the anomalies of the kinetic energy seen in these compounds. Therefore, our new results have implications both for the microscopic understanding of the superconducting state, and of the pseudogap state in cuprates.
III. EXPERIMENTAL RESULTS AND ANALYSIS OF UNCERTAINTIES
In the top panel of Fig. 1 we plot the real part of the interplane c-axis conductivity 1,c () for a strongly underdoped YBCO crystal with xϭ6.6, T c ϭ59 K and for a nearly optimally doped sample with xϭ6.9, T c ϭ91 K. The c-axis component of the optical conductivity was obtained from the reflectance measurements using Kramers-Kronig ͑KK͒ analysis. 15 One generic feature of the interplane conductivity of most cuprates is a flat incoherent background extending over the energy scale up to a few eV. 16 The signature of the underdoped YBCO materials is a well-defined threshold structure at Ӎ300 cm Ϫ1 seen already at TϾT c . 17 In the far-infrared sharp phonon peaks are superimposed on this incoherent electronic contribution. The absolute value of 1,c () associated with the electronic background increases from underdoped to overdoped materials. In the overdoped crystals the Drude-like behavior can be clearly identified in the spectra of 1,c (). 18 These tendencies are common for YBCO, La214, and Tl 2 Ba 2 CuO 6 ϩx ͑Tl2201͒ compounds [19] [20] [21] and suggest that the increase of the doping level leads to the development of coherence in the interlayer response.
The behavior of the normalized spectral weight exposes several other trends of the doping dependence of the c-axis charge dynamics in the YBCO series. In order to illuminate the differences between underdoped and optimally doped FIG. 1. Interplane response of YBa 2 Cu 3 O 6.6 and YBa 2 Cu 3 O 6.9 single crystals. Top panels: the interlayer conductivity 1 (); middle panels: spectral weight N(); bottom panels: normalized spectral weight NЈ() as defined in the text. The insets: the spectra of the first moment of the loss function. In all panels thin solid lines refer to the 300 K data; dashed lines to data at TӍT c ; and thick solid lines to data at Tϭ10 K. The key difference between the two samples is the energy scale from which the superconducting condensate is collected. In the nearly optimally doped YBa 2 Cu 3 O 6.9 crystal with T c ϭ91 K the Ferrel-Glover-Tinkham sum rule is exhausted at Ͻ8 kT c as indicated by ͑i͒ N T c Ј →1 at Ӎ600 cm Ϫ1 and ͑ii͒ agreement between the area confined under ϫIm(Ϫ1/⑀ ) above and below T c . In the underdoped sample the energy range of Ͼ25 kT c produces only 40% of the condensate density as evidenced by ͑i͒ N T c Ј →0.4 at Ӎ800 cm Ϫ1 and ͑ii͒ difference by the factor of Ӎ2 between the area confined under ϫIm(Ϫ1/⑀ ) above and below T c . The behavior of underdoped crystals can be interpreted in terms of kinetic energy change. crystals from the point of view of the FGT sum rule we define N T c Ј ()ϭ͓N N (,TӍT c )ϪN SC (,TӶT c )͔/ s ͑bottom panels in Fig. 1͒ . In the YBa 2 Cu 3 O 6.9 crystal, the N T c Ј () saturates at approximately 500Ϫ600 cm Ϫ1 reaching the value of Ӎ1. Therefore in this crystal the FGT sum rule is exhausted over the range ӍϽ8 kT c . On the contrary, in the underdoped sample the N T c Ј () spectrum reaches the level of only 40% at 150 cm Ϫ1 and does not show significant variation up to 800 cm Ϫ1 ͑disregarding the structure due to the temperature dependence of the phonon modes͒. Thus in the underdoped crystal the superfluid density significantly exceeds the ''missing area'' in the real part of the conductivity despite the fact that the integration extends to Ӎ25kT c . Therefore, in accord with Eq. ͑3͒, the latter result can be interpreted in terms of the change in the c-axis component of the kinetic energy.
It is imperative to discuss the validity of the above results. To generate the NЈ() spectra we extended the 1 () curves with a constant to ϭ0 below the cutoff of our measurements (Ӎ30Ϫ35 cm Ϫ1 ), a behavior that is suggested by the overall shape of the conductivity which is frequency independent at low energies. The above assumption, as well as the impact of extrapolations required for KK analysis, can be examined through the formalism of the energy loss function Im(Ϫ1/⑀ ). In a conducting material the loss function shows a peak centered at which is proportional to the plasma frequency of charge carriers p 2 ϭ4ne 2 /m*. It follows from Eq. ͑2͒ that in a superconductor p 2 ϭ8 s ϩN SC .
The first moment of Im(Ϫ1/⑀ ) follows the sum rule
Although Eq. ͑4͒ is equivalent to the oscillator strength sum rule for the conductivity, the advantage of the loss function formalism is that the spectra of Im(Ϫ1/⑀ ) have vanishing weight in the extrapolated region (Ͻ35 cm Ϫ1 ). The inset in Fig. 1 shows ϫIm(Ϫ1/⑀ ) spectra above and below T c . At TϾT c the plasmon feature is overdamped but at TӶT c the sharp resonances are found in both materials. These resonances are located in the energy range which is not influenced by uncertainties of the KK procedure. The area confined under ϫIm(Ϫ1/⑀ ) remains essentially constant in the YBa 2 Cu 3 O 6.9 crystal as the temperature is lowered from TӍT c down to 10 K. This is consistent with N T c Ј Ӎ1 for Ͼ 0.09 eV inferred from the conductivity sum rules. In the case of YBa 2 Cu 3 O 6.6 sample, the integrals of ϫIm (Ϫ1/⑀ ) taken at Tϭ10 K and at TӍT c differ approximately by a factor of 2 in accord with the behavior of N T c Ј for this crystal. Thus, the loss function formalism ͓Eq. ͑4͔͒ provides an independent corroboration of the results obtained from the conductivity spectra.
There is yet another source of uncertainty in the spectra of the normalized spectral weight. This latter source is related to possible mixing of the in-plane reflectance R ab () with the c-axis reflectance R c (). Such mixing may result from ͑i͒ imperfections of the polarizer, ͑ii͒ misalignment of the polarizers, and/or ͑iii͒ misorientations of single crystals if mosaic samples are used for experiments. Results shown in Fig. 1 were obtained for separate relatively large single crystals (2000ϫ250 m 2 ) and therefore ͑iii͒ is not relevant. The specified extinction coefficient of our polarizers is better than 10 Ϫ3 in the frequency range 20-1000 cm Ϫ1 . We measured somewhat larger transmission through two crossed polarizers: 0.3% at 420 cm Ϫ1 . Similar leakage of unwanted polarization can occur if a polarizer is misoriented by Ӎ5°. In our experiments the accuracy of the polarizer alignment is better than 2°and minor discrepancy with the specified characteristic most likely results from damage of the surface of the polarizers.
In Fig. 2 we show the impact of unwanted leakage for the spectra of NЈ(). We calculated R()ϭ(1Ϫz)R c ϩzR ab for various values of x. To produce R c in the normal state we used 1,c N ()ϭ DC,c ϭ15 ͓⍀ cm͔ Ϫ1 ͑left panel͒ and 50 ͓⍀ cm͔ Ϫ1 ͑right panel͒. The in-plane reflectance was calculated using the Drude model with p,ab ϭ9000 cm Ϫ1 and 1/ ab ϭ600 cm Ϫ1 . For simplicity, we assumed isotropic s-wave gap at TϽT c both for the in-plane and the interplane data. We then obtained the complex conductivity from the KK transformation of R() followed by exactly the same analysis which we used to generate NЈ() from the experimental data in Fig. 1 . For zϭ0 ͑solid line͒ the sum rule is nearly exhausted at 10⌬ as expected from the FGT sum rule. The spectra for zϭ0.0025, and zϭ0.01 systematically deviate from the zϭ0 spectrum and reveal saturation at NЈϽ1. The latter effect originates primarily from changes of 1 SC (). The absolute value of s ͓extracted from 2 ()] as well as the normal state conductivity are nearly unaffected by the leakage. The effect is suppressed with the increase of dc .
The spectra for zϭ0.0025 accounts for the experimental conditions of our measurements reported in this work. This value is close to the impact of the imperfection of our polarizer ͑based on the transmission of crossed polarizer͒ or to the effect produced by misalignment of the polarizer by 5°. We also note that zϭ0.0025 leakage yields less than 1% correc- tion of R() compared to R c (); such a correction is of the order of the uncertainty in the measurements of the absolute reflectance. The values of zϭ0.01 and xϭ0.05 would correspond to a misalignment of the polarization by about 10°and 20°, respectively. Such misalignment can be excluded for our experiments carried out for separate single crystals. Nevertheless, the zϭ0.01-0.02 situation may occur in the measurements involving mosaic samples stacked out of several single crystals. 21 While the absolute value of s is still unaffected by polarization leakage effects, the spectra of NЈ() generated for zϭ0.05 are suppressed by 10-15 % compared to the intrinsic value. In our previous work for Tl2201 mosaics, we reported NЈӍ0.5 for the optimally doped crystals and NЈӍ0.85 for the overdoped compound. In view of the effects of the polarization leakage discussed above, these data points were corrected by 0.15 in the results shown in Fig. 3 .
We also point out that the integration of the conductivity following Eq. ͑1͒ adds the contribution due to the electronic background and due to IR-active lattice vibrations. It is known that phonons in high-T c cuprates reveal a number of nontrivial properties, including abrupt changes of the linewidth and frequency of the modes at TϽT c . 22, 23 However, the oscillator strength of the phonon modes is usually not affected by these changes. In La214 and in Tl2201 the phonon spectrum is simpler than in YBCO series. For the former compounds we were able to subtract the phonon contribution and to perform the sum rule analysis separately for the electronic contribution. 5 This analysis confirmed that the phonon oscillator strength remains constant below T c and therefore the anomalies detected in the sum rule analysis are primarily of the electronic origin.
IV. DISCUSSION
In Fig. 3 we present the N T c Ј data with integration limited up to 0.1 eV for a series of YBa 2 Cu 3 O x , xϭ6.5-6.95 single crystals along with the data for La214 and Tl2201 compounds. 5, 21 In this diagram the N T c Ј is plotted as a function of the dc conductivity dc across the layers at TӍT c . It appears that the deviation of N T c Ј from unity is most prominent in the materials with low dc conductivity. As dc increases, the magnitude of N T c Ј is systematically enhanced and eventually reaches unity implying that the sum rule is exhausted with the relatively narrow cutoff of 0.1 eV. This trend is also similar in the YBCO, Tl2201, and La214 series. 21, 26 According to Eq. ͑3͒, the magnitude of 1ϪNЈ() is related to kinetic energy change ⌬K c . Then it follows from Fig. 3 that ⌬K c is significant only in those compounds in which the conductivity between the layers at TϾT c is nearly blocked. Development of coherence in the c-axis response signaled: ͑i͒ by the increase of dc with doping, and ͑ii͒ by the formation of the Drude-like feature in the 1 () spectra of overdoped samples [18] [19] [20] [21] reduces the magnitude of ⌬K c . The in-plane conductivity of all materials in Fig. 3 is in the coherent regime ͑Drude-like͒ and the FGT sum rule is exhausted at Ͻ0.1 eV. 25 This latter result will be discussed in more details in connection with Fig. 5 .
At least in YBCO and in La214 systems the changes of the c-axis component of the kinetic energy are clearly related to the development of the pseudogap state at T*ϾT c . 11 The signature of the pseudogap in the c-axis response of underdoped high-T c cuprates is in the transfer of the spectral weight from far-infrared to higher energies. 17 This process corresponds to suppression of 1 (→0) and to characteristic ''semiconducting'' temperature dependence of the dc resistivity dc that is commonly found in underdoped compounds. All materials in Fig. 3 for which N T c Ј Ͻ1 show ''semiconducting'' dc (T). 29 Thus, in the pseudogap state the charge carriers become more strongly confined to the CuO 2 planes while the probability of their coherent hopping across the planes is reduced. An application of Eq. ͑1͒ to the data at TϽT* indicates that the kinetic energy is enhanced in the pseudogap state. We note that the changes of the kinetic energy both in the pseudogap state and in the superconducting state are of the same order as the magnitude of the c-axis kinetic energy itself. This interesting regime has to be contrasted with what typically occurs in superconducting metals. 10 In our view the fact that ⌬K c ӍKc is a direct consequence of the incoherent nature of the interlayer conductivity.
Further connection of the pseudogap state to the anomalies of the superfluid response can be seen from the temperature dependence of NЈ() spectra. In order to analyze this T dependence we define N 300 K what is needed to account for the superfluid density in this sample. However, as the temperature is lowered down to T c most of this spectral weight is transferred to frequencies above 0.2-0.3 eV ͑Refs. 15,18͒ so that the conductivity at TӍT c is strongly diminished. It is this suppression of 1,c () in the pseudogap state that leads to nontrivial results in N T c Ј () spectra ͑thick solid line͒. The behavior of underdoped La214 crystals is similar. 27, 28 Therefore the existing data suggest that the kinetic energy change at TϽT c is most conspicuous is the crystals in which superconductivity emerges out of the pseudogap state.
While the origin of the pseudogap is in dispute, 11 some experiments are consistent with the idea of pair formation taking place already at T*ϾT c . [30] [31] [32] The analysis of the superfluid density inferred from tera-Hertz time domain spectroscopy provides strong evidence for the preformed pairs scenario. 33 Pair formation is favored because of the decrease in the potential energy which is accompanied by inevitable increase of the kinetic energy ͑virial theorem͒. The latter result is in agreement with our data since the transfer of the spectral weight to higher energies at T c ϽTϽT* is indicative of the increase of K c in accord with Eq. ͑1͒. Within the preformed pair paradigm, the onset of superconductivity is associated with the phase coherence occurring at T c which is distinct from the pair formation temperature T*. According to our data, the former process is associated with the partial recovery of the c-axis kinetic energy which was strongly enhanced in the pseudogap state. It has been argued that quantum fluctuations play an increasingly important role in the pseudogap state. 34 An account of quantum fluctuations may also lead to the deviation from the FGT sum rule with N T c Ј ϭ0.5. 34 We remark that both the pseudogap crossover and superconducting transition affect the entire background in the spectra of the interplane conductivity.
We fail to find a correlation between the magnitude of ⌬K c at TϽT c and the critical temperature of the superconductors that we have studied ͑top panel Fig. 4͒ . While in the Tl2201 series the largest change of kinetic energy occurs in the crystal close to optimal doping, in the YBCO compounds ⌬K c decreases with increasing T c ͑Fig. 4͒. Also, the magnitude of ⌬K c is significantly smaller than the condensation energy at least in Tl2201 and HgBa 2 CuO 4ϩx materials. 35, 36 In part, this discrepancy can be attributed to the formidable difficulties concerned with the estimates of the normal state free energy from the specific heat data in the regime when superconducting fluctuations may be present at T c ϽTϽT*. 4 It is also important to keep in mind that ideally, Eq. ͑3͒ should be applied to the normal and superconducting state data obtained at the same temperature T→0. This is difficult to achieve for technical reasons. Several experiments suggest that the normal state conductivity continues to decrease at TϽT c following the ''semiconducting'' slope of dc (T) seen already at TϾT c in underdoped samples. This possibility is supported by the resistivity data in the regime when superconductivity is suppressed by a high magnetic field. 37 Highfield data show that dc,c N (TӶT c )Ͻ dc,c N (TӍT c ) in underdoped La214 crystals. 37 Also, careful analysis of 1,c () in midinfrared range demonstrates that some of the spectral weight missing from the conductivity at TϽT c is transferred to high energies and not to the ␦ function even in the optimally doped single crystals. 18, 38 Thus, it is conceivable that 1,c N (,TӶT c )Ͻ 1,c N (,TӍT c ), and that the integral term in Eq. ͑3͒ may be vanishingly small throughout the range of infrared frequencies. Then the actual changes of ⌬K c may be as large as s .
Suppression of the c-axis kinetic energy at TϽT c is consistent with a recent analysis of the angular resolved photoemission ͑ARPES͒ data for Bi 2 Sr 2 CaCu 2 O 8ϩx ͑Bi2212͒. Norman et al. proposed the so-called mode model which successfully describes many important attributes of the photoemission experiments. 7 An important feature of this model is that it suggests lowering of the kinetic energy associated with the formation of the quasiparticle peak in the ARPES spectra. The comparison of interlayer infrared ͑IR͒ results and of the ARPES data is facilitated by the peculiarity of the c-axis tunneling matrix elements which are maximized for the momenta parallel to (,0) or (0,) and vanish along Only the electronic background is shown; the phonon absorption has been subtracted by fitting to oscillators. Both ARPES and IR results indicate that underdoped samples show lowering of the kinetic energy at TϽT c ͑as described in the text͒. The normal state properties in the underdoped regime are markedly different from conventional Fermi-liquid behavior. In the overdoped crystal the kinetic energy is unchanged below the temperature of superconducting transition. Crystals on the overdoped side of the phase diagram reveal more conventional normal state behavior: quasiparticle peak in the ARPES spectra as well as the Drude-like feature in 1,c can be resolved already at TϾT c . the nodal (,) direction. 39, 34, 40 This conjecture is supported by a clear connection between the pseudogap features detected in the c-axis conductivity and ARPES spectra measured close to the (,0). [41] [42] [43] Further parallels between the information extracted from these two techniques can be revealed in the context of the energetics of the superconducting state. Numerous photoemission experiments show that the spectral function A͓,(,0)͔ at TϾT c is very broad with only small weight near the Fermi energy E F . 44, 45 However, below T c a well-defined quasiparticle peak ͑QP͒ emerges ͑Fig. 4͒ suggesting that the momentum distribution function (k) ͑Ref. 50͒ sharpens below the transition temperature. Since the electronic kinetic energy is minimized if (k) has a sharp step at E F , 9 the latter result is in accord with the reduction of K at TϽT c . These changes in the ARPES spectra in the superconducting state are most prominent in the underdoped samples. With increasing doping, the QP peak in the ARPES spectra becomes visible already in the normal state. 46, 47 The presence of this peak in the spectra obtained for optimally and overdoped crystals precludes significant lowering of the kinetic energy in these samples at TϽT c . Therefore, the doping dependence of ⌬K suggested by the ARPES experiments fits the pattern inferred from the analysis of the c-axis conductivity summarized in Fig. 3 .
The key outcome of both IR and ARPES experiments is that the kinetic energy change is found exclusively in the materials for which the normal state properties are marked by a strong degree of incoherence and are therefore distinct from the conventional Fermi-liquid picture. A broad and structureless ARPES spectral function can be viewed as an obvious sign of non-Fermi-liquid ground state. 51 The corresponding hallmark in the spectra of 1,c () is a flat background. The kinetic energy is lowered upon the superconducting transition only if the above features can be distinguished in the normal state response ͑left panels in Fig.  4͒ . Both of these characteristics of the underdoped regime fade away as the doping progresses towards the overdoped side of the phase diagram. Indeed, overdoped crystals show a well-defined QP peak in the ARPES spectra consistent with the Drude-like behavior of 1,c () ͑right panels of Fig. 4͒ . The magnitude of the kinetic energy change is reduced and eventually vanishes in overdoped regime. Thus it appears that the lowering of the kinetic energy is an attribute of the transition to the coherent state at TϽT c provided the coherence is lacking above T c . The formation of the pseudogap ''enhances'' the non-Fermi-liquid character of both the interlayer conductivity and of the ARPES spectra by shifting the spectral weight to higher energies. In this way the pseudogap state is beneficial for the observation of the kinetic energy change. A comparison of IR and ARPES results indicates that the lowering of the kinetic energy is not related to the interplane transport per se but rather reflects the property of the electronic states close to the boundary of the Brillouin zone at (,0) and (0,) points.
The analysis of the in-plane conductivity may provide an insight into the superconducting state energetics close to the nodal (,) direction. Despite the fact that ab () is averaged over the entire Fermi surface, the regions close to (,0) and (0,) give only a minor contribution because the Fermi velocity in these regions is ͑vanishingly͒ small. Therefore, the segments of the Fermi surface close to the node of the d-wave gap at (,) dominate in the ab-plane transport. The results of the sum rule analysis of the a-axis conductivity for YBa 2 Cu 3 O 6.6 ͑Ref. 24͒ and of the ab-plane conductivity for the optimally doped Tl 2 Ba 2 CuO 6ϩy ͑Ref. 48͒, are shown in Fig. 5 . Here we plot the difference between the spectral weight at T c and at 10 K ͓N N ()ϪN SC ()͔ without normalizing the spectra by the magnitude of the superfluid density. The absolute values of s ͑determined from the imaginary conductivity͒ are shown with the dashed lines. The a-axis data reveal a reasonable agreement between the FIG. 5. Lower panels: the spectra of ͓N N (,TӍT c )ϪN SC ()͔ reveal the sum rule result for the superfluid density in the optimally doped Tl 2 Ba 2 CuO 6ϩy ͑left͒ and YBa 2 Cu 3 O 6.6 ͑right͒ single crystals. The dashed line show the magnitude of s extracted from the imaginary part of the conductivity. In the case of the c-axis response we find the discrepancy between ͓N N (,TӍT c ) ϪN SC ()͔ in the saturated region and the magnitude of s which can be interpreted here in terms of the lowering of the c-axis kinetic energy at TϽT c . In the case of the response of the CuO 2 planes we find a better agreement between the two approaches to quantify the strength of the superconducting condensate. The crossing of the ͓N N (,TӍT c )ϪN SC ()͔ spectra measured for the ab-plane with the dashed lines signal some increase of the in-plane kinetic energy below T c . The effect is small and comparable to the error bars in the ab-plane measurements. Upper panels: the spectra of the energy depended effective mass m* normalized by the magnitude of the band mass m B determined from Eq. ͑5͒ for Tl 2 Ba 2 CuO 6ϩy ͑left͒ and YBa 2 Cu 3 O 6.6 ͑right͒ single crystals. Strong enhancement of effective mass at 10 K is indicative of an increase of the in-plane kinetic energy. density of the condensate extracted from the sum rule and from the imaginary conductivity. After a closer inspection one can notice crossing between the ͓N N ()ϪN SC ()͔ spectra and the dashed lines quantifying the strength of the in-plane condensate. This latter effect may signal some increase of the in-plane kinetic energy below T c that can be contrasted with the c-axis behavior. The effect is rather small and comparable to the error bars in the ab-plane measurements. However, even minor discrepancy between the two results may lead to a huge absolute value of ⌬K ab because the in-plane superfluid density is dramatically enhanced compared to the s,c .
Additional information on the in-plane energetics can be inferred from the analysis of the a-axis response in terms of the extended Drude model. This analysis allows one to obtain the energy dependence of the electronic effective mass m*() ͑Ref. 49͒:
where m B is the band mass and p is the plasma frequency obtained from the integration of the conductivity up to 1.2 eV. Within the tight-binding approximation the electronic kinetic energy is proportional to Ϫ1/m*. The spectra of m*/m B for the optimally doped Tl 2 Ba 2 CuO 6ϩy and YBa 2 Cu 3 O 6.6 are shown in the top panel of Fig. 5 . The mass enhancement is strongest at the lowest energies whereas at Ͼ2000 cm Ϫ1 the magnitude of m* is approaching the band mass. For both systems the spectra of m*() obtained at 10 K are nonmonotonic suggesting coupling of the conducting carriers to a mode at Ӎ500 cm Ϫ1 . 49 In both crystals we find an increase of the effective mass at 10 K compared to the data at TӍT c . This result is in accord with the increase of the in-plane kinetic energy suggested by the sum rule data in the lower panel. The fact that the in-plane and interplane results suggests different energetics at TϽT c is not entirely surprising since these two measurements probe the different regions of the Fermi surface. Previous ͑magne-to͒transport studies and ARPES experiments revealed differences in the character of the electronic states at (,0) and in the nodal region. 52, 53 
V. CONCLUSIONS
We show that a variety of cuprates reveal changes of the c-axis electronic kinetic energy. The effect is intimately connected with the development of the pseudogap state and is therefore most conspicuous in underdoped materials. The c-axis kinetic energy is enhanced in the pseudogap state consistent with the idea of preformed pairs. In the superconducting state this enhancement is partially recovered. With the development of coherence in the c-axis transport, changes of the kinetic energy are suppressed and completely disappear in the overdoped materials. Within the assumption that the interlayer conductivity probes the electronic states close to the boundary of the Brillouin zone we can conclude that the effects observed in the c-axis transport reflect the situation close to (,0) and (0,) points. On the contrary, the inplane conductivity is dominated by the nodal (,) direction and reveal more conventional energetics ͑increase of K ab ). The contrasting behavior seen in the c-axis and a-axis data may reflect the radical distinctions between the electronic states close to the boundary of the Brillouin zone compared to the nodal direction. Both this result as well as the trends in the doping dependence seen in ARPES and IR data clearly show that the kinetic energy lowering is inherently connected with an incoherent normal state response. Possible connections between incoherent normal state response and changes of kinetic energy below T c were recently discussed in several publications. 54, 55 
